A three-dimensional reconstruction of keyhole limpet hemocyanin type 1 (KLH1) has been obtained using electron cryomicroscopy at liquid helium temperatures and single particle image processing. The use of a high-contrast embedding medium, 1% (w/v) glucose and 2% (w/v) ammonium molybdate (pH 7.0), enables high-resolution electron micrographs to be recorded close to focus, i.e. with excellent transfer of highresolution information, while maintaining enough image contrast to localise the individual macromolecules in the images. When low-pass ®ltered to $45 A Ê resolution, the new 15 A Ê resolution reconstruction is very similar to the earlier reconstructions of gastropodan hemocyanins of specimens embedded in vitreous ice. The map shows much detail and reveals many new symmetry elements in this very large cylindrical molluscan hemocyanin. The full KLH1 didecamer has D5 pointgroup symmetry, yet within the KLH1 decameric half-molecules local 2-fold axes have emerged that make the wall of the KLH1 decamer, in spite of its having an exact C5 symmetry only, resemble the D5-symmetric wall of the decameric cephalopod hemocyanins. In fact, the outside of each tier of this six-tiered gastropodan hemocyanin was found to have an approximate D5 symmetry. Local 2-fold axes also relate the``functional units'' within the dimeric``morphological units'' of the wall and the collar areas of the 8 MDa KLH1 molecule. Certain local-symmetry-related surface motifs may be present up to 60 times on the outside wall of this highly symmetric cylindrical hemocyanin. Keyhole limpet hemocyanin is used clinically as an immunostimulant. The very strong immune reaction elicited by this hemocyanin may be associated with its intricate hierarchy of local-symmetry components.
Introduction General background of KLH
The hemocyanins are large molecular mass, copper-containing, oxygen-transporting proteins found in the hemolymph of many molluscs and arthropods (for a review, see van Holde & Miller, 1995) . Whereas the family of arthropod hemocyanins consists of assemblies containing between one and eight hexameric building blocks (Markl & Decker, 1992; van Heel & Dube, 1994) , the molluscan hemocyanins are organised as hollow cylindrical oligomers with external diameters of $370 A Ê . The polypeptide chain has a mass of 350 to 450 kDa and consists of a string of seven or eight functional substructures, sometimes termed functional domains. We prefer the term functional unit (FU), since the word domain possesses a more speci®c meaning when applied to the crystal structure of a protein. The hemocyanins of the cephalopod molluscs contain ten such polypeptide chains, always forming a single decameric cylinder of height $200 A Ê (mass 3.5 to 4 MDa), whereas gastropod molluscs contain hemocyanins built from two (or more) decamers. The``didecamer'', a cylinder with a total height of $400 A Ê and a mass of 7.5 to 8 MDa, is often the predominant hemocyanin species (e.g. KLH1), although longer multidecamers are sometimes encountered (e.g. KLH2). The hemocyanin from the giant keyhole limpet Megathura crenulata that we study here has undergone extensive investigation as a potent immunostimulant in mammals, including man. KLH is used, or is being investigated, as an immunotherapeutic agent (often as hapten carrier) for the treatment of certain cancers including melanoma (Helling et al., 1994) , breast cancer (Longenecker et al., 1993) , ovarian cancer (Yacyshyn et al., 1995) , bladder cancer (Wishahi et al., 1995) ; KLH is used as a diagnostic tool for bilharziosis and as a hapten carrier for an AIDS vaccine (Naylor et al., 1991) .
Molluscan hemocyanin biochemistry
Molluscan hemocyanin chains generally have seven or eight functional units (i.e. oxygen-binding units), depending on the species (van Holde & Miller, 1995) . The functional units are named a through g for the seven-FU species or a through h for the eight-FU species. The eight-FU gastropodan hemocyanins have an extra FU at the C-terminal side of the chain when compared with the cephalopod seven-FU subunits, such as that of Octopus doeini. Cephalopod hemocyanin subunits with eight functional units, such as from Sepia of®cinalis, have an extra functional unit at the N-terminal side of the chain and their FU nomenclature is thus frameshifted over a full functional unit with respect to the seven-FU cephalopod or the eight-FU gastropod hemocyanin polypeptides.
Molluscan hemocyanin structure
The structure of the large molecular mass molluscan hemocyanins has been studied by transmission electron microscopy since the introduction of the negative staining technique (van Bruggen et al., 1960; Fernandez-Mora Ân et al., 1966) . The basic oligomeric molluscan hemocyanin assembly, including KLH, is a cylindrical three-tiered decamer (Mellema & Klug, 1972; Siezen & van Bruggen, 1974; Miller et al., 1990; Harris et al., 1992; Lamy et al., 1993; Lambert et al., 1994) . The threetiered decamer in a cephalopod is thought to have a D5 (also known as 52) pointgroup symmetry (cf. Lambert et al., 1994) , the most likely pointgroup symmetry for a homodecamer. In the case of gastropod hemocyanins, the top and bottom of the cylindrical homodecamer are not identical: the pointgroup symmetry of the decamer is thus C5 rather than D5. The gastropod hemocyanin decamers form a stable dimer, the didecamer, of mass $8 MDa with a D5 pointgroup symmetry (Mellema & Klug, 1972) . At each end of the cylindrical didecamer a``collar'' region has been de®ned within the inner wall of the outer tiers of the structure.
KLH biochemistry
It was recently shown that the giant keyhole limpet M. crenulata contains two types of hemocyanin: an eight-FU KLH1 and a seven-FU KLH2 molecule (Markl et al., 1991; Gebauer et al., 1994; So È hngen et al., 1995) , which can be separated biochemically Swerdlow et al., 1996) . Structural studies can now be pursued using puri®ed KLH1 rather than using a mixture of the two types of hemocyanin (Harris et al., 1992 (Harris et al., , 1993 Dube et al., 1995a) . Biochemical and immunological studies on KLH1 and KLH2 (Markl et al., 1991; Gebauer et al., 1994; So È hngen et al., 1995 So È hngen et al., , 1997 have provided insights into the functional unit organisation of the polypeptides. The polypeptides have a molecular mass of $400 kDa for KLH1 and $350 kDa for KLH2, with a C-terminal h FU missing in KLH2. The data obtained correlate well with the immunomicroscopical studies on KLH2 using monoclonal antibodies of de®ned functional unit speci®city (Harris et al., 1993) . The collar of the KLH1 didecamer structure is thought to contain the C-terminal FUs (g and/or h) of the chains. In the case of Helix pomatia hemocyanin, the collar can be removed by limited trypsinolysis, leaving multi-FU fragments that spontaneously form hollow cylindrical tubes (van Breemen et al., 1975 (van Breemen et al., , 1979 of diameter similar to that of the didecamers.
Recent 3D reconstructions of molluscan hemocyanins
Recently, efforts have been made to produce three-dimensional (3D) reconstructions from unstained molluscan hemocyanin molecules embedded in vitreous ice (Lambert et al., 1994 (Lambert et al., , 1995a Dube et al., 1995a) . At the 43 to 45 A Ê level of resolution obtained in these 3D reconstructions one can recognise the overall structural organisation of the hemocyanin and its main structural components: the wall, the collar and the arc. The internal arc structure is attached to the central tier of the decamers, but from these reconstructions (Lambert et al., 1995 a,b; Dube et al., 1995a) it is not yet clear whether, or to what extent, the arc and collar structures are directly connected in gastropodan hemocyanins. The reconstructions by Lambert et al., (1995a,b) were primarily calculated using the random conical tilt (RCT) technique, also known as the SECReT technique, developed by Radermacher et al. (1988) . This technique, however, has some inherent limitations that make it dif®cult to achieve high-resolution levels (van Heel et al., 1992b; Schatz et al., 1995) .
Structure by angular reconstitution
The angular reconstitution approach (van Heel, 1987b; van Heel et al., 1992b) has recently been brought to the stage of almost-routine, applicable to individual macromolecules with arbitrary pointgroup symmetry (C4, Serysheva et al., 1995 , Orlova et al., 1996a D5, Dube et al., 1995a; D6, Schatz et al., 1995; C13, Tavares et al., 1995; . The extremes are the entirely asymmetric 70 S Escherichia coli ribosome (Stark et al., 1995 (Stark et al., , 1997 , on the one hand, and viruses with icosahedral symmetry (unpublished results) on the other. With the angular reconstitution approach, thousands of molecular images from particles randomly oriented in an embedding matrix are sorted and classi®ed into``characteristic views '' (van Heel & Sto È f¯er-Meilicke, 1985) by multi-reference alignment techniques and multivariate statistical classi®cation. The characteristic views are class averages into which a number of similar molecular images are averaged in order to reduce the noise inherent in low-dose electron micrographs. One can then assign Euler angle orientations to the individual characteristic views and calculate a 3D reconstruction. A ®rst 3D reconstruction of the keyhole limpet hemocyanin embedded in vitreous ice was recently presented (Dube et al., 1995a) but the samples contained a mixture of KLH1 and KLH2 (although probably considerably more KLH1 than KLH2). Moreover, the sample yielded only a small number of useable molecular images (only $125``side'' views were processed), thus limiting the attainable resolution. The purpose of the current study is to improve the resolution of the KLH reconstruction, using only the puri®ed KLH1 hemolymph component.
High-contrast embedding media
The ®rst electron images of unstained hemocyanins (Stanley & Anderson, 1942 ; images reproduced by van Bruggen, 1986) revealed the average diameter of the assemblies. It was only with the introduction of the negative stain technique (Brenner & Horne, 1959; van Bruggen et al., 1960; Fernandez-Mora Ân et al., 1966 ) that individual macromolecules could be visualised in the electron microscope with some structural detail. In its ®rst decennium, then, the improvements of the specimen preparation techniques were aimed at improved visualisation of small details in the macromolecules. For the conventional uranyl acetate negative stain technique, optimising the conditions for direct visual interpretation of the images appears to have stimulated some unfavourable habits in specimen preparation: (a) the enhancement of strong preferential attachment of the protein on the carbon support ®lm produces recognisable views but may deform the structure; (b) partial-depth, one-sided staining produces ®ner recognisable details in the molecular images than does a complete embedding into a matrix; and (c) partial dissociation of the macromolecules by the low pH stain and the strong interactions at carbon-®lm interface further enhance``®ne details'' in the structure. The properties of negative staining techniques have been investigated by several workers (Kellenberger et al., 1982; Cejka et al., 1991 Cejka et al., , 1992 Bremer et al., 1992; Harris & Horne, 1994) .
With the advent of image processing and 3D reconstructions in electron microscopy (Crowther et al., 1970a; DeRosier & Moore, 1970; Mellema & Klug, 1972 ) the structural preservation of the specimen has become a more important issue. In order to be able to apply a 3D reconstruction algorithm, which invariably relies on some form of the central section theorem (Bracewell, 1956 (Bracewell, , 1960 DeRosier & Klug, 1968) , it was important to have the molecules fully and homogeneously surrounded by the embedding material. The introduction of glucose embedding and the vitreous-ice embedding technique (Dubochet et al., 1988) , led to impressive 3D results. These homogeneous embedding media proved superior to the conventional negative staining techniques. Other carbohydrates such as trehalose (Jap & Walian, 1990 ) and tannin (Akey & Edelstein, 1983; Ku È hlbrandt & Wang, 1991) were also used successfully to image biological structures at high levels of resolution.
Nevertheless, the negative staining technique has advantages in terms of ease of specimen preparation with respect to the vitreous-ice embedding techniques, so it has continued to be used extensively, even if just for checking whether a sample is good enough for the vitreous-ice approach (Bremer et al., 1992) . High-contrast embedding media have also been promoted as homogeneous environments for preserving 3D structures (Stoops et al., 1992; Ris & Allen, 1975; Malecki & Ris, 1993) . It has been our philosophy for some years now (Dube et al., 1995b; Boettcher et al., 1996; Harris et al., 1995b Harris et al., , 1997 , that a high-contrast embedding medium facilitates the data processing as long as it does not interfere with the macromolecular structure and does indeed envelop the molecules completely (in``deep stain''). The idea is that the high contrast between protein and medium helps in ®nding the particle and is instrumental in attaining a good inter-particle alignment. The relatively high contrast between protein and surrounding, however, should preferably not contribute to the internal contrast within the particle. The internal density variations within the protein are expected to be mainly caused by, for example, the secondary structure of the protein. Such high-resolution information remains accessible only by averaging over a suf®ciently large number of individual molecular images. A preliminary 3D reconstruction of the Lumbricus terrestris giant hemoglobin structure embedded in glucose/ammonium molybdate was calculated at the 15 A Ê resolution level (Dube et al., 1995b) . We here apply these ideas for the ®rst time to elucidate the 3D structure of a molluscan hemocyanin, KLH1. A preliminary report on this work has been presented (Orlova et al., 1996b) .
Results
Specimen preparation and microscopy KLH1 was puri®ed from total KLH obtained from the hemolymph of freshly imported keyhole limpets, as described in Material and Methods. The samples were mixed with the glucose/ammonium molybdate solution and then applied to a carbon support ®lm. The grids were imaged in the SOPHIE (Zemlin et al., 1996) liquid-helium cryomicroscope equipped with a highly coherent Schottky ®eld-emission gun (FEG). The very low specimen temperature provides the highest possible cryoprotection factor (Zemlin et al., 1996) , and the highly coherent beam from the FEG guarantees a maximum transfer of the high-frequency information to the photographic plate. Part of a representative micrograph is shown in Figure 1 . Note that the molecules are totally embedded in an evenly spread layer of glucose-negative stain. In this preparation most of the cylindrical molecules were found to be oriented on their sides, indicating a relatively strong interaction between molecule and the grid surface. The relatively high contrast of the glucose/ammonium molybdate embedding medium allows us to readily de®ne the particles in images such as this (Figure 1) , in which the ®rst zero of the phase contrast transfer function (PhCTF) of the electron microscope lies between 6 and 8 A Ê . In contrast, in images of molecules embedded in vitreous ice (Dube et al., 1995a ) the particles are no longer visible when the micrographs are taken so close to focus. The glucose-stain micrographs were digitised using an EMiL linear CCD densitometer (Image Science Software GmbH), and 4200 molecular images were selected for processing with the IMAGIC image processing system on standard workstation computers running the UNIX and Open-VMS operating systems. Figure 1 . Part of a typical electron micrograph of puri®ed KLH1 didecamers in a relatively high-contrast embedding medium consisting of 1% glucose in combination with 2% ammonium molybdate. In this electron microscopical specimen, the rectangular sideviews of the molecule predominate (protein is black; the contrast is reversed compared to a conventional print of the micrograph). The cylindrical KLH1 molecule has a diameter of $370 A Ê and a height of $400 A Ê . The high-contrast embedding medium allows the micrographs to be taken close to focus without visually losing the particles. The images were taken on the SOPHIE electron cryomicroscope at liquid helium temperatures. The ®rst zero of the phase contrast transfer function (PhCTF) of the electron microscope was at $7 A Ê in all micrographs, and 4186 molecular images were collected for processing. The scale bar represents 1000 A Ê . Figure 2 . A summary of the 3D analysis of the KLH1 didecamers. a, Top row, examples of original molecular images; these images are members of the respective class averages shown in the next row (protein is white). b, Row 2, characteristic sideviews (class averages) of the KLH1 didecamer obtained by multi-reference alignment and classi®cation. About 160 characteristic views were used for 3D reconstruction. c, Row 3, 3D structure of the KLH1 didecamers reprojected in the Euler angle directions found for the class averages in row 2. The reliability of the 3D reconstruction can be directly assessed by comparing of the images in rows 2 and 3. d, Row 4, surface representations of the 3D reconstruction in viewing directions identical with the Euler directions assigned to the corresponding class averages shown in row 2.
The 3D image processing
The molecular images were processed by multi-reference alignments techniques (van Heel & Sto È f¯er-Meilicke, 1985) and multivariate statistical classi®cation (van Heel, 1989) in order to ®nd the characteristic molecular views in the sample. The molecular images (Figure 2a ) are averaged into these characteristic views or class averages (Figure 2b ) to suppress the high noise levels inherent in low-dose electron microscopy. The assignment of Euler angle orientations to the molecular images by the angular reconstitution approach is greatly facilitated by the availability of the high signal-to-noise ratio (SNR) class averages. Once these Euler orientations are available, 3D reconstructions may be calculated and subsequently re®ned iteratively, as described in Materials and Methods. One way of monitoring the convergence and consistency of the re®ne-ment steps is to computationally compare the reprojected ( Figure 2c ) 3D reconstruction (Figure 2d ) in the Euler directions assigned to the class averages with the corresponding class averages (Figure 2b ). All 3D reconstructions presented here are rendered using a threshold value leading to a volume of suf®cient size to enclose $100% of the expected molecular mass (7.9 MDa). Before elaborating on the high-resolution details of the new 3D reconstruction, we compare it to earlier lowresolution results.
Validation of the deep-staining technique: comparison with vitreous-ice data
All recently presented 3D structures of molluscan hemocyanins have been of vitreous-ice embedded specimens at a resolution level of $45 (Dube et al., 1995a; Lambert et al., 1995a,b) . To validate our high-contrast embedding medium with respect to the established vitreous-ice medium, we ®rst compare the new 3D results, low-pass ®ltered to $45 A Ê resolution (Figure 3a) , with the earlier ®ndings. The excessive smoothing of the reconstruction at this lower resolution removes ®ne details on the protein surface but, for example, both the collar and the arc domains compare well with the previously reported data.
Euler angle distribution
In Figure 4 the angular distribution (b,g) of the class averages used for calculating the 3D data is shown within the asymmetric triangle of the D5 pointgroup symmetry. For the D5 pointgroup, the asymmetric triangle extends from the North pole (b 0 ) to the equator (b 90 ) where it covers an angular range of 72 (À36 4 g 4 36 ). Within this asymmetric triangle, the projections in directions g and Àg are mirror versions of each other that correspond (through all the applicable symmetry relations) to opposite projection directions on the unit sphere, and thus cover the same 3D information. In consequence, the sideview band around b $90 has a twice higher sampling by projection directions than is suggested by this plot. Although there is a preponderance of sideviews (b %90
corresponds to sideviews), the homogeneous distribution of the g angles assigned to these sideviews means that the class averages, together, represent a full tomographic``tilt series'' of projections covering the full information space (Figure 4 ).
The number of projection directions exceeds the theoretical minimum number n required for achieving resolution f À1 of $15 A Ê within a D5 symmetric structure with a size D of $400 A Ê . That number is given by the formula (free after Crowther et al., 1970b; and after van Heel & Harauz, 1986) :
Herein N SYM is the symmetrical redundancy; for a D5 symmetric structure, N SYM 10. A symmetric molecule thus clearly needs fewer projections in order for the same resolution to be achieved. In our case, with N SYM 10, D % 400 A Ê , the number of different projections needed is thus only $4 to reach a spatial frequency resolution of f À1 $15 A Ê . The formulas given by Crowther et al. (1970b) and by are identical, apart from constant coef®cients. The formula given by Crowther et al. (1970b) applies for pure tomographic tilt-series reconstruction, whereas the latter was derived for general reconstruction geometries. The reconstruction geometry here is largely a tomographic one because of the preponderance of sideviews used for the reconstruction. The above resolution criteria are based exclusively on the completeness of the sampling in Fourier space: the predicted resolutions obviously can be reached only if the projection images used for the reconstruction indeed contain that high-resolution information and are free from noise. Of course, much more realistic than such a theoretical resolution limit is a direct measurement of the reproducible resolution achieved within a given 3D reconstruction experiment.
Criteria of reproducible resolution
We have calculated two independent reconstructions from the ®nal set of class averages ( Figure 2b ) by splitting that set into two halves and then using these to generate two different 3D maps. Both 3D reconstructions are then Fourier transformed and the comparison between the two 3D Fourier transforms (FTs) is performed using three different criteria, all of which compare the information in the two FTs over corresponding concentric shells ( Figure 5 ). Since we are here discussing the resolution achievable with high-contrast embedding media, we must carefully de®ne what is meant by resolution. The issue of 3D resolution criteria, however, has been a controversial one (see Discussion) (Dube et al., 1995a ) and other gastropodan didecamers (Lambert et al., 1995a,b) . b, A phase contrast transfer function (PhCTF)-corrected version of the high-resolution reconstruction as described in the text. Because the ®rst zero of the PhCTF ($7 A Ê ) is beyond the resolution limit of the reconstruction ($15 A Ê ), the effect of the correction is only that of somewhat enhancing the low-frequency components with respect to the high-frequency image components (®ne details). c, The 15 A Ê KLH1 reconstruction at a threshold level corresponding to an enclosed protein mass of 7.9 MDa. and we thus here embark on a comparison of the various criteria using the KLH1 3D data.
Fourier shell correlation (FSC)
The FSC , the straightforward 3D generalisation of the Fourier ring correlation (FRC) function (Saxton & Baumeister, 1982; van Heel, 1987a) , measures the normalised cross-correlation coef®cient between two 3D volumes as a function of spatial frequency ( Figure 5a ). Also shown in Figure 5a is a 3s threshold function, corrected for D5 pointgroup symmetry (discussed below). Because of the three-dimensionality of the FT, the number of``voxels'' within one shell in Fourier space is rather high and thus the 3s threshold curve, inversely proportional to the square root of the number of voxels in a shell, drops quite fast. The two curves cross at a resolution threshold of 12.8 A Ê (marked in Figure 5a ), implying that at that resolution the standard deviation of the FSC signal is three times higher than the expected standard deviation if the data exclusively contain uncorrelated random noise. Although this threshold value sounds high, it actually implies that the standard deviation of the signal and that of the noise in a given Fourier shell (of either of the two half-set reconstructions) are approximately of the same magnitude. The 3s threshold function was here corrected for the D5 pointgroup symmetry: the number of independent voxels in a shell in Fourier space is smaller than the actual number of voxels in a shell due to the pointgroup symmetry constraints imposed on the data. For a D5 symmetric structure, with ten asymmetric units in the oligomer, only one-tenth of the voxels in a shell in Fourier space are independent and thus the 3s threshold curve must lie p 10 3.16 higher than the 3s threshold curve for an asymmetric particle, such as the E. coli ribosome (Stark et al., 1995 (Stark et al., , 1997 . For an icosahedral object, with 60-fold symmetry redundancy (unpublished results), the 3s threshold curve must lie at p 60 7.75 times that of an asymmetric particle.
The crossing point between the two curves here lies at about 78% of the Nyquist frequency. The theoretical limit for all processing lies at the Nyquist frequency; yet, considerably before that limit, practical limitations due to the 2D or 3D interpolation procedures used limit, or at least interfere with, the information transfer through the processing chain. Moreover, since both 3D maps are processed by the same programs, with the same interpolation routines, the same systematic round- . The sideviews (b % 90 ) cover the full range of g angles thereby providing isotropic resolution for the 3D reconstruction. Figure 5 . Determination of the resolution of the 3D reconstruction of the KLH1 by: a, The fourier shell correlation (FSC) together with the 3s threshold curve. The 3s threshold curve is multiplied by p 10 3.16 to account for the tenfold redundancy of the D5 pointgroup symmetry of the data. The threshold curve crosses the FRC curve at a resolution of $ 1/12.8 A Ê À1 . b, Two phase residual curves, the differential phase residual (DPR); and the Fourier shell phase residual (FSPR). The right-hand edge of the curves lies at the Nyquist frequency of 1/10 A Ê À1 (the micrographs were scanned using a pixel size of 5 A Ê ). For details, see the main text.
off errors may be introduced in both reconstructions, which the FSC program may see as commoǹ`i nformation''. It is thus good practice not to interpret resolution curves at this high end of the resolution range. The sampling of the data at a sampling interval of 5 A Ê , in our experience, effectively limits the attainable resolution to $15 A Ê rather than to the theoretical Nyquist limit of 10 A Ê . This practical sampling resolution limit has been reached in our experiment and we thus consider the resolution attained here $15 A Ê , rather than the 12.8 A Ê indicated by the FSC criterion.
Phase residuals
The two-dimensional DPR and its 3D generalisation are de®ned using the sum of the Fourier space amplitudes to weight the phase differences between the two signals in Fourier space. Using a sum rather than a multiplication between corresponding amplitudes means that, for example, the DPR changes when one image or 3D volume is multiplied by a constant, which operation does not change the information content of the data (van Heel, 1987a) . A corrected phase residual was proposed in the form of the Fourier ring phase residual (van Heel, 1987a) , which can straightforwardly be generalised to its 3D equivalent, the Fourier shell phase residual (FSPR). The behaviour of the FSPR (Figure 5b ) is quite similar, albeit complementary, to that of the FSC. Moreover, this phase residual has a 90 limit when the two signals are not correlated, intuitively correct for``orthogonal'' signals, in contrast to the DPR, which has a 104 limit for uncorrelated signals (van Heel, 1987a ).
The 15 A Ê map
The new ($15 A Ê ) reconstruction represents one of the highest resolution reconstructions of single particles achieved to date and allows a more detailed interpretation than the earlier molluscan hemocyanin ($45 A Ê ) 3D reconstructions. Because of the three-dimensionality of the data, this difference in resolution implies $ (45/15) 3 or 27 times more 3D information in the new KLH1 reconstruction. The reconstruction residuals under D5 symmetry constraints for the KLH1 hemocyanin were very low; whereas when the data were analysed assuming D10 pointgroup symmetry, high error residuals resulted. Thus D5 is the correct pointgroup symmetry for the KLH1 didecamer (Figure 3 ). Among the structural details revealed are the classical cylindrical wall (Figures 3, and 6a) and collar (Figures 6b, 7a and 8) already de®ned by Mellema & Klug (1972) . The cap seen by Mellema & Klug (1972) had been shown to be a threshold level artifact a long time ago (Siezen & van Bruggen, 1974) using Mellema & Klug's data directly, and is indeed missing from our map. Our high-resolution map clearly elucidates substructures within the non-wall mass: the collar region is seen as a set of densities within the outer tiers of the didecamer and the arc (Figures 6b, 7b and 8) as densities within the central tier of the decameric half-molecule.
The wall of the KLH1 didecamer
The details of the wall structure are shown in Figures 3b and c and 6a . The whole didecameric structure has D5 (52) symmetry, as is indicated in Figure 6a , where the viewing direction is perpendicular to the 5-fold axis of the structure. Note that the wall consists of elongated``morphological units'' (Mellema & Klug, 1972) , of which there are ten per tier, or two within the 72 range of the asymmetric triangle. According to its mass, each morphological unit corresponds to a functionalunit doublet. The 2-fold axes of the D5 pointgroup symmetry are located between the centres of two corresponding morphological units of the two decamers, as can be seen in Figure 6a (indicated by red ovals).
The KLH1 decamer has local D5 symmetry
Among the important new features revealed is a local 2-fold axis within the decameric half of the KLH1 molecule, which dyad axis intersects the central tier of the decamer (Figure 6a : local dyad axis marked in green). The existence of this symmetry axis is best illustrated by a comparison of structural details of the inner (tiers #3 and #3 H , Figure 6 ) and outer tiers (tiers #1 and #1 H ) of the decamer on the outside of the cylinder wall. Even very small details in these two tiers are reproduced precisely, although the two tiers have no imposed symmetry relation within the D5 symmetry of the full KLH1 didecamer. The local dyad axes within the decamer intersect the central tier between morphological units. The similarities associated with these local dyads can best be appreciated in the stereo pair of Figure 3c . Not only the decamer as a whole but, obviously, also the central tier of the decamer are rendered to an approximate D5 symmetry by these newly found local dyad axes.
The third tier of the decamer has local D5 symmetry
The central tier (#2) and the collar tier (#1) of the gastropodan decamer contain internal material that does not adhere to the approximate D5 symmetry of the decamer (Figures 6b, 7a and b and 8) . The only tier not affected by additional material is the third tier of the decamer. Closer inspection of some sections of the third tier ( Figure 9 ) directly reveals a further symmetry relation: section #117 exhibits an approximate mirror symmetry, whereas the sections below it (e.g. #109) and the ones above it (e.g. #125) are related by mirror inversion. A Fourier ring correlation (results not shown) between section #109 and the mirror version of section #125 showed signi®cant cross-resolution to $25 A Ê . (A Figure 6 . The 15 A Ê reconstruction of keyhole limpet hemocyanin type 1 (KLH1). a, Outside view of the cylinder. The KLH1 hemocyanin has an exact D5 pointgroup symmetry, implying that the plane between the two decamers is intersected by ®ve 2-fold axes. The direction of view is along the inter-decameric plane. The dyad axes in this plane are indicated by red symbols. Apart from these exact dyad axes, the appearance of the outer wall reveals local 2-fold axes in the central tier (#2) of the decameric half-molecules. These local 2-fold axes give the decamers an approximate D5 symmetry and one of these approximate dyad axes is marked in green. The local dyad axes naturally also cause the wall of the central tier (#2) of the decamer to have an approximate D5 symmetry. The third tier of the decamer (#3) was also found to be intersected by approximate dyad axes, indicated in yellow on the outside of the third tier. The 5-fold of the KLH1 didecamer is indicated by the solid rod at the top of the image. b, Stereo view of the inside cylinder, cut open along a plane along the 5-fold axis. Inside details of the inner wall include the collar region (inside the top and bottom tiers) and the arc region (inside the central tiers of the decameric half-molecules). Thin links connect the collar to both the inner surface of the cylinder wall and to the arc domain in the central tier of the decamer (Figure 8 ). The inside of the decamer clearly has only a C5 pointgroup symmetry, since the collar domains appear on only one side of the decamer. local symmetry need not fully reach the 15 A Ê level achieved in the reconstruction.) Thus, section #117 contains dyad axes in the plane of that section, i.e. dyad axes perpendicular to the 5-fold axis. One of these local dyad axes is marked in section #117. Consequently, the third tier, in itself, also exhibits a local D5 symmetry like the symmetry we have just found for the wall part of the second tier. Since the third and ®rst tiers of the decamer are already related by the local dyad axes intersecting the second tier, resulting in the approximate D5 symmetry of the decamer that was described in the previous paragraph, the outer walls of all three tiers of the decameric half-molecule apparently exhibit an approximate D5 symmetry.
The arc
The internal arc densities at the level of the central tier of the decamer are resolved as pronounced doublets (Figures 6b, 7b and 8a and b) . We choose to call the constituent densities of each arc doublet arc functional unit x and arc functional unit y, whereby arc-FU x is that closer to the centre of the didecamer (the lower left yellow functional unit in Figure 8a and b) and arc-FU y is that closer to the collar region of the hemocyanin (the top right yellow functional unit in Figure 8a and b). These arcFUs are both connected to the central tier, although the connection to arc-FU x appears somewhat more pronounced than the connection to arc-FU y in this 3D reconstruction (marked by red arrows in Figure 8a ). Arc-FU y is connected to the collar domain by two thin links (marked by red arrows in Figure 8b ), whereas from the arc-functional-unit x no direct connection to the collar is discernible.
The collar
The ®ve collar elements of each decamer are particularly clear in the end-on view (Figure 7a ). These ®ve elongated collar morphological units are with that axis. b, When looking at the collar from the inside of the didecamer (here cut open at the inter-decamer plane), the view of the collar area is obstructed by the ten arc functional units organised in pairs. The two functional units of the arc are roughly related by a local 2-fold axis. It is our interpretation that this local dyad axis is disturbed when the two corresponding polypeptide chains proceed onward to form the collar region of this hemocyanin (shown in detail in Figure 8 ).
connected to each other, to the inside of the outer wall of the ®rst tier, and to one arc density (arcfunctional-unit y) within the second tier by thin bridges (Figure 8b) . Each of the ®ve collar elements consists of two FUs, and are comparable in size with the arc doublet. There is an apparent local dyad symmetry relating two collar FUs within the collar element (marked by a red dot in Figure 7a ). The main connection between the dimeric collar elements and the inside of the ®rst tier is formed by a triangular mass that is wedged between two collar morphological units and a morphological unit of the ®rst tier (Figure 7a ). This triangular mass appears to be part of the morphological unit of the wall rather than of the collar elements.
The morphological unit: dimerization of functional units
It has long been suggested that the morphological units of the wall consist of two structurally equivalent functional units related by a local 2-fold axis (Mellema & Klug, 1972) . Such a dyad axis within the morphological unit would be a symmetry element that is not part of the local dyad symmetry we found for each of the tiers of the KLH1 decamer structure (yellow ovals in Figure 6a) . Rather, such a dyad axis would be yet another local symmetry element within the local D5 symmetry of its tier environment. The``locallocal'' dyad symmetry axis that we are now focusing on must intersect the morphological unit but need not lie in the plane of the tier or be parallel with the 5-fold axis. In order to localise such a dyad axis, we extracted the third tier density from the 3D KLH1 reconstruction to analyse it separate from its environment (Figure 10 ). We analysed that tier both with its existing C5 symmetry (results not shown), and with an imposed exact D5 symmetry (Figure 7) . We believe this local dyad axis to be perpendicular to the plane of the dimer (Figure 10c and e), comparable to the orientation of the local dyads of the collar morphological units (Figure 7a) . Note, however, that the dimer makes an angle of $20 with respect to the plane of the tier.
Discussion Single particle analysis and resolution limits
It is evident from this study that single particle analysis has the potential to elucidate 3D structures of uncrystallized macromolecules to high resolution. Provided both that the specimen is well preserved by an appropriate (preferably high-contrast) embedding medium and that the radiation damage is restricted by exploiting cryoprotection at low temperatures (Zemlin et al., 1996) , resolution better than 15 A Ê can be obtained routinely. We conclude that the often quoted $25 A Ê resolution limit for negatively stained specimen preparations is by no means a fundamental limit. Twenty-®ve years ago, when these statements ®rst emerged, the data processing technology was not in place to objectively evaluate the results. Moreover, some very harsh negative stain specimen preparation techniques have been in use, including air-drying the specimen on a freshly cleaved mica surface (Cejka et al., 1991 . Over the last 20 years, electron microscopical techniques for imaging radiation-sensitive biological material have changed drastically with both the advent of low-dose cryomicroscopy and the embedding of (two-dimensional crystals of) biological macromolecules either in vitreous ice or in carbohydrates such as glucose, trehalose or tannic acid (e.g. see Harris et al., 1995b) . The experiences gained with two-dimensional crystals of macromolecules can now be exploited for 3D structure analysis of uncrystallized biological macromolecules using the angular reconstitution approach Orlova et al., 1996a) . A theoretical limit for using this approach to sub-nanometer resolution is not yet in sight (Henderson, 1995) .
Interestingly, the Euler angle distribution we observe here (Figure 4) does not uniformly cover the asymmetric triangle of the D5 symmetry pointgroup. Nevertheless, the coverage of Fourier space with projection directions is complete without any``missing cone'' or``missing wedge'' artifact, since the Euler angles do cover all possible orientations along the equator and thus form a complete``tomographic'' tilt series. What remains a point of consideration when such a limited range of projection directions is found, is whether the in- Figure 9 . Some sections through the third tier of the 3D density map of the decameric KLH1 half molecule. A local 2-fold axis within this third tier renders the tier into an approximate D5 structure. The local 2-fold axis lies approximately in the plane of section 117: one dyad lies in the horizontal direction (indicated in that section) with four further dyads related by the 5-fold axis of the didecamer. As a consequence of these dyads, section 109 is related to section 125 by an approximate mirror inversion; the same is true for section 111 with respect to section 123, etc. The central section of the tier (#117) is approximately mirror symmetric in itself due to the presence of the local dyads. Figure 10 . Dyad-symmetry axis within the wall morphological units. The third tier is the only one not disturbed by collar or arc functional units, and exhibits an approximate local D5 symmetry (Figures 6a and 9 ). D5 symmetry requires ten comparable``morphological'' units. Since each morphological unit consists of two FUs, another local 2-fold axis is expected that relates the two FUs within the morphological unit. a, The extracted third tier of the KLH1 decamer after imposing its local D5 symmetry as an exact D5 symmetry. b, One morphological unit extracted from the tier contains two functional units. c, The extracted morphological unit seen from the``top''; d, from thè`s ide''; and e, from the``bottom.'' The local dyad axis relating the two functional units within the wall morphological units is thought to be perpendicular to the plane of the morphological unit (c and e), which plane makes an angle of approximately 20 with the plane of the tier.
teractions between sample and support ®lm/embedding medium which leads to preferred orientations deforms or damages the molecules. In the case of the gastropodan hemocyanins, it was regularly observed that, in conventional negative stain preparations, the width of the rectangular sideviews was considerably larger than the diameter of the round topviews of the cylinder, indicating substantial¯attening artifacts (cf. Mellema & Klug, 1972) . In spite of the preferred orientation in our data, however, such¯attening was not observed directly. An indication, however, that such object deformation may be causing problems at higher resolution is the behaviour of the FSC curve (Figure 5a ), which drops continuously, starting already at the relatively low resolution of $30 A Ê . Thus, it may be possible that small deformations will lead to resolution limits when attempting to reach higher resolution levels by a ®ner sampling of the data. Intrinsic deformations will limit the structural uniformity of the molecules in the data set and thus may lead to limitations similar to those found with empty ribosomes (Stark et al., 1995) , which had a much higher level of internal exibility than actively translating ribosomes in the pre or the post-translocational state (Stark et al., 1997) .
Phase-residual 3D resolution criteria
Phase residuals have a long history both in Xray crystallography and in electron microscopy (DeRosier & Moore, 1970; Unwin & Klug, 1974) . The ®rst phase residual to be used in the context of strict single particle averaging, the differential phase residual (DPR, Frank et al., 1981) , is based on a comparison of two independent data sets over rings in 2D Fourier space. However, the particular de®nition of a phase residual used by Frank et al. (1981) included sums of Fourier amplitudes, which makes it not very suitable as an objective and reproducible resolution criterion (van Heel, 1987a) : multiplication of one of the 2D or 3D signals by a constant may change the value obtained for the DPR at each spatial frequency even though such multiplication cannot in¯uence the information within an image. One can thus actually even exploit this methodological¯aw to minimise the DPR at each spatial frequency by simply trying a whole range of multiplicative factors.
In spite of the early criticism, the use of the DPR has been strongly advocated by the group of Frank, invariably claiming that the DPR is more conservative than the FRC. Whereas conservative re¯ects the numerical values normally obtained with the criterion, the criticism was aimed at the reproducibility and objectivity with which such values correlate to the quality of the results. A conservative criterion can nevertheless be of poor quality, since the quality of the criterion and whether or not it is conservative are two independent issues. In the ®rst use of the DPR as a 3D resolution criterion only two horizontal central sections (2D!) of the two 3D Fourier transforms were compared. (Essentially equivalent to the DPR between the top projections of the two 3D reconstructions.) In RCT reconstructions, however, the horizontal central section does not overlap with those regions in Fourier space that are not sampled in the RCT experiment (missing cone). As a consequence, the areas of missing information do not enter into the equation and the resolution obtained is thus overestimated.
This ®rst 3D DPR approach was later replaced by the straightforward 3D generalisation of the original DPR . In the latter work, the resolution achieved in the ®rst 3D work was re-estimated to have been only 55.5 A Ê rather than the original 40 A Ê . Our current experiments con®rm that the FRPR/FSPR`c orrected'' phase residuals (van Heel, 1987a) behave well and are complementary in behaviour to the FRC/FSC (Figure 5a and b) . However, we must repeat here (from van Heel, 1987a) that even well-de®ned phase residuals like the FSPR have the disadvantage that ®xed threshold criteria (``45 '' or``60 '') are less sophisticated than the 3s curve type of criteria used in conjunction with the (2D) FRC or the (3D) FSC. Fixed phase residual thresholds should be replaced by a signi®cance threshold curve that also depends on the number of pixels/voxels in any particular Fourier-space ring (2D) or shell (3D). Such rigorous signi®cance threshold calculation is still lacking (van Heel, 1987a) , which fact has serious consequences. For example, we have here introduced the concept of a 3s threshold curve for the FSC that is multiplied by the square-root of the number of asymmetric units for the given pointgroup symmetry. Such corrections are equally necessary to account for the symmetry redundancies when using phase residual resolution criteria. We currently, however, cannot translate this concept to the realm of phase residuals because the signi®cance threshold problem has not yet been systematically investigated.
Symmetries within gastropod and cephalopod hemocyanins
In our new reconstruction of KLH1, we have obtained a higher resolution level than is normally reached with single particle 3D analysis. More important than the explicit resolution value, however, is what new structural information on the molluscan hemocyanins is revealed. A most signi®cant new observation in the latest reconstruction is the local 2-fold axis identi®ed within this gastropod hemocyanin decamer, which dyad axis makes the C5 pointgroup symmetry of the decameric half molecule, at least locally, resemble a D5 structure, such as has been suggested for cephalopodan decameric hemocyanins (Lambert et al., 1994) . The existence of this dyad axis (Figure 6a ; green oval) refutes earlier models of the gastropodan decamer in which the amino acid chains in the wall run parallel with each other.
How can this new symmetry information be interpreted in conjunction with the earlier antibody labelling experiments? Speci®c polyclonal antibodies against Octopus vulgaris functional unit b and against FU c bind on both external tiers of this cephalopod decamer simultaneously, while speci®c antibodies against subunit e bind exclusively to its central tier, thus providing direct electron microscopical structural evidence for a D5 symmetric decamer (Billiald et al., 1990; Lamy et al., 1993; Lambert et al., 1994) . For gastropod decamers, a monoclonal anti-c antibody against KLH1 was recently found to also bind on both sides of the KLH1 decameric half molecule (i.e. on tier #1 and tier #3; unpublished results), indicating a D5 symmetry for the KLH1 decamer. Together with the present direct structural results, this ®nding implies that at least in this gastropod, as in Octopus, the wall parts of the subunits are organised in an anti-parallel, D5 fashion. In retrospect, one may argue that it would indeed be unlikely that two such closely related molluscan hemocyanin species would possess entirely different structural organisations.
At the same time, however, a monoclonal antibody directed against the a FU of the KLH2 molecule (Harris et al., 1993) demonstrates that that particular epitope is located in the central region of the didecamer (tiers #3 and #3 H ) and no antibody is seen attached to the didecamer from the collar ends. This antibody experiment suggests that FU a is to be found on only one side of the decamer. A monoclonal antibody speci®c to the functionalunit-pair fg of KLH2 was found to attach only to the collar region (tiers #1 and #1 H ) of the didecamer (Harris et al., 1993) , indicating that in gastropods this part of the polypeptide organisation is``parallel.'' Both these antibody experiments appear to point to a parallel arrangement of the KLH2 decamer. However, one may argue that the one-sided disturbance of the, in principle, D5-symmetric structure due to the presence of the collar may cause the speci®c a epitope to be inaccessible to the antibody on one side of the decamer. The fact that the anti-c antibody against the KLH1-FU c binds on both sides of the decamer is strong evidence for an anti-parallel local D5 symmetry (``necessary and suf®cient'' evidence) in that gastropodan decamer. It remains unlikely that the KLH1 decamer has a D5 organisation; whereas the closely related KLH2 decamer would exhibit a C10 structure. We are currently pursuing a 3D analysis of the seven-FU KLH2 didecamer to clarify these issues.
Models for molluscan hemocyanin
Our new KLH1 structure allows visualisation of the individual FUs in the arc and collar regions and of the morphological units within the wall. Within the wall morphological units (M1 to M3 in Figure 11 ), the localisation of the local dyad axis relating its two constituent FUs also further de®nes the positions of these FUs. However, in spite of its 15 A Ê resolution, the reconstruction does not yet allow a precise identi®cation of all individual connections between functional units. Tracing the polypeptide chain requires a still signi®cantly higher resolution and thus the following considerations remain speculative.
As was mentioned above, the local D5 symmetry of the KLH1 decamer implies an anti-parallel organisation of the ten chains within the wall. (Note that the historical``parallel'' versus``anti-parallel'' nomenclature is an inexact one, since a parallel chain organisation does not discriminate between a C5 and a C10 pointgroup symmetry for the decamer.) The other new ®nding, that each tier already has an approximate D5 symmetry, implies that the ten morphological units (Mellema & Klug, 1972) within each tier are already organised in an antiparallel or up-down fashion. Without actually assigning any speci®c functional unit to any speci®c density or morphological unit within the 3D map, our symmetry ®ndings impose some limitations on such assignments. Since each morphological unit contains two FUs, the number of wall-functionalunit contributions per tier of each KLH1 chain should preferably be even. Thus the contribution of FUs to each of the three tiers of the decamer by each KLH1 chain should either be 2-2-2 or 4-2-0, presumably corresponding to the FUs a to f. One possible assignment (by no means the only possible assignment) of the morphological units in a 4-2-0 arrangement is shown in Figures 11b and d (indicated by M1 to M3 and by M1
H to M3 H ). Note that while this assignment of the three morphological units M1 to M3 to the tiers is only one of the possible 4-2-0 arrangements, this M1 to M3 arrangement can, itself, already accommodate a number of different 4-2-0 assignments of individual FUs to the individual morphological units. A 3-2-1 contribution of FUs to the three tiers remains possible, but that would require the FUs from different polypeptide chains to contribute to the same morphological unit, which construction opposes the implicit assumptions made in all previously proposed models.
The old implicit assumption that consecutive FUs in the polypeptide chain contribute to one morphological unit, however, need not be correct. The approximate D5 symmetry of the tiers implies an anti-parallel organisation of the morphological units within the tiers. At the same time, the FUs within one morphological unit are related by an approximate 2-fold axis and are, in other words, anti-parallel to each other. A zigzag pathway of the polypeptide chain through consecutive FUs of the wall appears to be the simplest solution to mapping the sequence to the structure but other solutions, for example, in which the chain continuously skips FUs, remain possible. Indeed, in elongated individual gastropodan subunits, the FUs have often been observed as``beads-on-astring'' (Siezen & van Bruggen, 1974) , whereby the individual beads are connected by a polypeptide string, a situation that could allow some distance in space to be bridged between consecutive FUs on the polypeptide chain. Thus, although we may still feel that a 4-2-0 arrangement (Figure 11b and d) is the most likely possibility for the gastropodan hemocyanins, we cannot yet exclude other arrangements.
It appears that the D5 symmetry assignment for the Octopus vulgaris structure (Lambert et al., 1994) thus applies also to the wall of the KLH1 decameric half-molecule. The functional units of KLH1 forming the wall (most probably FUs a to f) are organised in an anti-parallel fashion with the outer tiers of the KLH1 decamer, containing FUs a to d (with FUs e and f positioned in the central tier). The arc and collar FU g and h, in this model, do not adhere to the local 2-fold axis of the approximate D5 symmetry of the decamer, but rather fold into place toward one side of the decamer. Thus, the basic idea in our model is that the ®rst part of the elongated KLH1 subunit within a dimer, i.e.
FUs a to f, are related by the local 2-fold axis transversing tier #2 of the decamer, whereas the``tail'' part of the chain, i.e. FUs g and h, constituting the collar-arc complex, do not adhere to that symmetry. In this model, arc-FU x and arc-FU y would correspond to the g subunit of two different chains, each of which would continue to form one of the collar FUs (FU h). Although only arc-FU y was found to be connected to the collar by two thin links (marked by red arrows in Figure 8b) , one of these two connections may actually be part of the x Arc-FU chain, since the exact boundaries between the x and y Arc-FU chains cannot be seen at the current level of resolution. This new model, in which the arc-FUs are a continuation of the central tier of the decamer (tier #2) and the collar is, in turn, a continuation of the arc structure, is consistent with almost all currently available information. It will be interesting to study the KLH2 structure by our techniques, since that structure lacks the FU h and may thus help substantiate the arc and collar functional-unit assignments.
The idea that the collar domains are connected to the central tier (#2) rather than to the end tier of the decamer (#1) was expressed more than 20 years ago, based on the interpretation of negatively stained images of the dimeric dissociation products of H. pomatia (Siezen & van Bruggen, 1974) . However, in van Bruggen's later models, the collar FUs are attached to the FUs in the outer tier (#1) of the cylindrical wall (van Bruggen, 1986 ). In our current 3D map, the connections between the collar and the wall FUs are relatively small. The connections between the arc FUs and the collar are also small. Our model requires (at least) two connections between the arc morphological unit and the corresponding collar morphological unit and we indeed ®nd two such connections (Figure 7 ). However, both connections seem to emerge from the same y arc FU, rather than from both FUs separately. Higher-resolution 3D maps will be required to achieve a more precise understanding of this region of the structure.
Interestingly, Mellema & Klug (1972) , in their landmark study of the 3D structures of the gastropodan hemocyanins of Busycon canaliculatum and Helix pomatia, 25 years ago, discussed the possibility of further local 2-fold axes in the wall structure relating the two domains within the morphological unit, even though these domains were not revealed in their 30-50 A Ê resolution results. Mellema & Klug (1972) suggested a structure close to a D10 structure, with additional dyad axes in the plane between the decamers. Such an approximate D10 structure would, however, point to a parallel organisation of the chains in each decamer, i.e. a polar organisation within the dimers forming the decamer walls, as proposed for KLH2 (Harris et al., 1993) from antibody linkage studies. These suggestions are in opposition to the presently proposed model. At the same time, however, Mellema & Klug (1972) discussed the possibility of the cylinder wall of the decamer consisting of non-polar dimers, which suggestion is consistent with our proposed D5 model but not with the D10 structure that they proposed.
A point of substantial importance is that the KLH1 didecamer is found to be an amazingly symmetrical structure with each wall tier having an approximate D5 pointgroup symmetry. This ®nding implies that, within each tier, ten local-symmetryequivalent positions can be found. Since the gastropodan hemocyanin is composed of six such tiers, the outer wall of the didecamer has 60 local-symmetry-equivalent positions, a value that is surpassed only by the exact 60-fold symmetry of icosahedral viruses (or the even higher number of quasi-equivalent positions in complex icosahedral capsids). The true symmetry of the gastropodan didecamer wall is only D5, so that each surface motif is, in principle, presented``only'' ten times; however, other FUs are, at the same time, presenting 50 further structurally equivalent surface motifs at local-symmetry-related positions (Figure 11 ). This intricate interaction between exact and quasi-symmetry presentation of epitopes may be instrumental in eliciting the strong reactions on the vertebrate immune system characteristic of KLH and KLH-conjugated antigen.
Conclusions
The didecameric hemocyanin of the keyhole limpet (M. crenulata) KLH1 is a hierarchically organised structure containing 20 identical polypeptide chains, each consisting of eight functional units (FUs). The overall pointgroup symmetry of the assembly is D5, implying that one didecameric KLH1 consists of ten dimeric asymmetric units. In spite of these subunit dimers being in principle asymmetric, their two identical constituent polypeptides are partially related by a local 2-fold axis within the decameric KLH1 half-molecules. The decameric half-molecule of KLH1 is thus found locally to exhibit largely the same D5 symmetry found previously in the cephalopod species O. vulgaris. The collar region of the KLH1 decameric half-molecules, in contrast, is present only on one side of the decamer and thus does not obey that local 2-fold symmetry. Most of the published structural interpretations of gastropodan hemocyanins, including our own KLH2 interpretation, are not compatible with our new structural information on KLH1. In particular, interpretations in which the ten polypeptide chains run in parallel along the cylinder wall of the gastropodan decameric halfmolecule are incompatible with the local approximate D5 symmetry for the KLH1 decamer. This approximate D5 symmetry may be a generic property of gastropodan hemocyanins. Apart from the approximate dyad axes of the D5 symmetry of the decamer, further local dyad axes within each tier already cause each tier to have an approximate D5 symmetry . Moreover, a probable dyad symmetry axis relating the two functional units forming the morphological unit, postulated by Mellema & Klug (1972) , has been located. The knowledge derived from cryomicroscopical studies, in particular in synergetic combination with the upcoming atomic resolution structure of a domain of Octopus hemocyanin by X-ray crystallography (M. Cuff et al., personal communication), will undoubtedly continue to add signi®cantly to our understanding of molluscan hemocyanin structure. Our KLH1 data set was sampled at a lower resolution than actually required for the close-to-focus imaging conditions used, in order to keep the computational logistics requirements within reasonable limits . As a consequence, we can claim only a resolution of $15 A Ê rather than the 12.8 A Ê indicated by the FSC criterion (corrected for use with a D5 symmetric structure). Nevertheless, this value indicates that a higher resolution 3D reconstruction may be reached by simply using a ®ner sampling grid and by improving the computer infrastructure. It is obvious from our results that electron cryomicroscopy in combination with the angular reconstitution approach is reaching resolutions in the 10 to 15 A Ê range. We have recently succeeded in obtaining 10 A Ê resolution in a 3D reconstruction of the haemagglutinin trimer of the¯u virus embedded in a vitri®ed stain solution (unpublished results). The high-contrast embedding media we experiment with may play an important role in routinely reaching sub-nanometer resolution results on uncrystallized material.
After our paper was submitted, two back-toback papers appeared (Bo È ttcher et al., 1997; Conway et al., 1997) in which resolutions of 7.4 A Ê and 9.1 A Ê were reached (respectively) on icosahedral assemblies of hepatitis B virus core protein embedded in vitreous ice. The 60-fold symmetry redundancy of icosahedral structures facilitates their 3D analysis when compared to the analysis of the asymmetrical bacterial ribosome or even to the 10-fold symmetric KLH1 assemblies we study here. Nevertheless, these elegant publications underwrite the feasibility of single particle analysis at sub-nanometer resolutions.
Materials and Methods

Purification of KLH1
Hemocyanin was obtained from hemolymph that was taken directly from the giant keyhole limpet M crenulata freshly imported from the Californian coast (courtesy of the Biosyn Company, Fellbach, Germany), as described (Harris et al., 1992; Gebauer et al., 1994) . Within this total hemocyanin the ratio of KLH1 to KLH2 is approximately 1:1, but the hemolymph is gradually depleted of KLH1 when the animal is kept in captivity for a period of months. From the cell-free hemolymph the hemocyanin was pelleted at 60,000 g for four hours at 4 C and resuspended in a small volume of Tris-saline stabilising buffer (50 mM Tris, 150 mM NaCl, 5 mM MgCl 2 , 5 mM CaCl 2 , pH 7.4). The solubilized hemocyanin was then dialysed overnight at 4 C against an ammonium molybdate/ polyethylene glycol (PEG) solution at pH 5.7 (1% ammonium molybdate, 0.02% (w/v) PEG, M r 1000). This treatment caused complete dissociation of KLH2 and enabled intact KLH1 to be puri®ed by gel-®ltration chromatography through a Biogel A-15m column (Bio-Rad Laboratories) in the continued presence of the ammonium molybdateÀPEG solution at pH 5.7 . The eluted KLH1 didecamer-containing fractions were then pooled, the hemocyanin again pelleted by centrifugation at 60,000 g for four hours at 4 C, and the pellet resuspended in a small volume of stabilising buffer at a concentration of ca 10 mg/ml.
Specimen preparation
Specimens for electron microscopy were prepared on brie¯y glow-discharge treated carbon support ®lms. Equal quantities of sample (ca 1 mg/ml) and 2% ammonium molybdate, 1% (w/v) glucose (pH 7.0) solution were mixed and then applied to the carbon ®lms. The advantage of this pre-mixing procedure is that it reduces the adsorption forces induced on the protein by the carbon support ®lm and allows an isotropically stained population of molecules to be obtained within the ®lm of dried, amorphous stain-glucose embedding medium.
Electron microscopy
Transmission electron microscopy was performed using a modi®ed Philips model CM20 FEG, within which the commercial objective lens had been replaced by a liquid helium-cooled superconducting objective lens (Zemlin et al., 1996; Lefranc et al., 1982) . This electron microscope provides the combined advantages of coherent illumination of the ®eld emission gun and minimal radiation damage due to the $4 K specimen temperature. Suitable homogeneously embedded regions of the specimen were selected and imaged at a magni®cation of 60,000Â with an accelerating voltage of 120 kV and a defocus of 1200 to 1500 A Ê , implying that the ®rst zero of the contrast transfer function is at $6 to 8 A Ê . All efforts were taken to minimise the electron exposure of the areas imaged (Henderson et al., 1990) . The total electron dose used during searching and imaging was in the range of 14 to 24 e À / A Ê 2 . The quality of the micrographs to be used for processing was veri®ed by optical diffraction.
Image processing
The selected micrographs were digitised using a linear-CCD densitometer (EMiL, courtesy of Image Science GmbH, Berlin), with a sampling size of 5 A Ê at the specimen level. All image processing was performed in the context of the IMAGIC-5 software system (van Heel & Keegstra, 1981; on DEC-Alpha workstations operating under the OPEN-VMS and the UNIX operating systems. From the digitised micrographs, 4200 molecular images of the KLH1 didecamer were extracted interactively. The majority of the molecular images were rectangular sideviews with only $3% circular topviews. All molecular images were band-pass ®ltered (spatial frequencies below 1/300 A Ê and over 1/4 A Ê were suppressed) and subsequently normalised by our standard procedures (van Heel & Sto È f¯er-Meilicke, 1985) . The sideview images were aligned in both a translation and rotational sense with respect to a centred total sum of the rectangular views from an earlier alignment iteration. Subsequently, multivariate statistical analysis (MSA) and classi®cation methods were applied to obtain the different sideview orientations present in the image data set. MSA eigenvector-eigenvalue data compression (van Heel & Frank, 1981; Borland & van Heel, 1990 ) and automatic classi®cation methods (van Heel, 1984 (van Heel, , 1989 ) were used to ®nd the different rotational orientations within the topview images. The resulting class averages were subsequently used for multi-reference alignment of the images (van Heel & Sto È f¯er-Meilicke, 1985) .
The angular reconstitution technique (van Heel, 1987b; Goncharow & Gelfand, 1988; van Heel et al., 1992a,b; Radermacher, 1994; Serysheva et al., 1995) was used to determine the relative Euler angle orientation of the class averages of the KLH1 molecular images obtained from the image processing. This reconstruction technique and its application to determine the 3D structure of biological macromolecules has recently been described in detail (Serysheva et al., 1995; Schatz et al., 1995) . Using the ®ve best class averages, an initial 3D reconstruction was obtained using the``exact ®lter back projection'' algorithm Radermacher, 1988) . This ®rst 3D reconstruction was then reprojected into 54 Euler directions to generate 2D projection images uniformly covering the asymmetrical triangle of the D5 pointgroup symmetry (this asymmetric triangle covers a one-tenth segment of the unit sphere: from the north pole to the equator and spanning 72 at the equator). These 2D projections represent all possible views of the KLH1 didecamer and were used as a set of reference images to re®ne the multi-reference alignment of the original molecular images Schatz et al., 1995; Serysheva et al., 1995) . Subsequently, MSA data compression and classi®cation procedures were applied again to generate new class averages from which a re®ned 3D structure was reconstructed. This whole procedure was iterated until no further improvement in the 3D reconstruction was observed. For the ®nal 3D reconstruction, 162 class averages (three topviews and 159 sideviews) were used.
For comparing the new 3D map to the earlier low-resolution reconstructions, a low-pass ®ltering was applied to the new map by multiplication of its 3D-FT by a Gaussian function. This ®lter function effectively suppresses all frequency components higher than $45 A Ê suf®ciently to, upon a reverse 3D FT, generate a map (Figure 3a ) that is comparable to the earlier reconstructions.
Resolution
The resolution in the reconstructions was assessed by comparing two 3D volumes, each calculated from onehalf of all class averages used to produce the ®nal 3D map (Figure 8 ). Each of these sets was used to generate two separate 3D reconstructions. All comparisons between these two maps were performed in 3D Fourier space ( van Heel, 1991) by correlating the data contained in two corresponding shells of the 3D FTs of the two 3D maps.
Contrast transfer function (CTF) correction
All good micrographs selected for processing by optical diffraction have approximately the same defocus; thus all class averages used for 3D reconstruction are affected by this same PhCTF. In consequence, the entire 3D reconstruction will have been modi®ed by a 3D version of the PhCTF curve. We have corrected the PhCTF by multiplying the 3D data in 3D Fourier space (van Heel, 1991; Stark et al., 1997) by the inverse of the actual PhCTF, modi®ed to avoid ampli®cation of noise in the environment of the zero crossings (Hawkes, 1980) . The 3D ®lter function we used is:
The expression in the numerator is a reversed Gauss curve with a user-de®ned half-width (Sigma) that suppresses the contributions of those areas in 3D Fourier space where the absolute value of the PhCTF is small. The values of Sigma used can range from $0.02 to $0.2, depending on the noise levels in the reconstruction. The correction of the PhCTF is an absolute necessity if at the chosen defocus there are zero crossings within the resolution range, causing contrast reversals in the data. Here, however, the in¯uence of the correction is merely to enhance the low frequencies in the 3D map. The resulting surface renderings of the 3D map thus look somewhat smoother after PhCTF correction (Figure 3b ) than before ( Figure 3c ). For a number of practical reasons the highfrequency components in high-resolution micrographs are severely suppressed with respect to their expected value (Henderson, 1995) . The somewhat enhanced representation of the high-frequency components in the uncorrected 3D maps (Figure 3c ) thus compensates in part for their suppression during the data collection.
3D visualisation
The simplest form of displaying the 3D reconstruction is as a sequence of 2D density sections through the 3D volume (Figure 9 ). This form of display, which also has the advantage of depicting the real data, is good for understanding connections and certain forms of symmetry (Figure 9 ). To really convey the three-dimensionality of the structure, we use either simple stereo pairs or continuous stereo sequences , which allows a complete 3D impression from a range of directions. For such 3D rendering, the choice of the threshold level is important. Whereas the sections convey the real 3D data, the surface representations emulate the appearance of the outside of the structure and the threshold value de®nes what we consider the inside/outside boundary. The threshold level used here is chosen based on a mass for the didecamer of 7.9 MDa, assuming a speci®c density of 0.83 Da/ A Ê Ê . Note, however, that an error in the calibration of the microscopical magni®-cation by, for example, 5% may lead to an error of 16% in the volume estimate (1.05 Ê 1.16). Moreover, as was mentioned above, the PhCTF correction has some in¯u-ence on the appearance of the molecular surface. The ®nal graphical rendering presented here was performed using the SGI Explorer visualisation software on a Silicon Graphics Indigo-2 workstation.
